Introduction
Pat ients with type 1 diabetes can reduce hyperglycemia by intensive insulin therapy and by agressive monitoring of blood glucose (BG) levels. These steps can lead to a vast reduction in microvascular disease, a decrease in morbidity, and a slowing of the onset, or progression, of severe complications. 1 However, more aggressive management of BG levels to attain tighter control is hindered by fear of hypoglycemia. Daily self-monitoring of blood glucose (SMBG) levels can improve control, but glucometers require an inconvenient-and, for some, painful-finger stick, which for some may limit the number of daily measurements. Several noninvasive and minimally invasive continuous glucose monitoring (CGM) devices frequently acquire glucose measurements without patient intervention.
The first Food and Drug Administration (FDA)-approved CGM system was Medtronic MiniMed's continuous glucose monitoring system (CGMS), 2 which performs a retrospective analysis over 3 days. Studies have demonstrated the efficacy of this device in its ability to reduce hemoglobin A1c (HbA1c) levels when utilized under clinical supervision.
3,4 Medtronic MiniMed's Guardian RT 5 was the first real-time commercially available CGM device. The monitor calculates and displays glucose values every 5 minutes. In a 12-week multicenter study 6 consisting of 156 stable type 1 patients with HbA1c levels ≥8.1%, it was demonstrated that by monitoring glucose levels continuously and by setting hyperglycemic and hypoglycemic alarm thresholds, patients decreased their HbA1c levels by an average of 1.1 HbA1c percentage points-a 0.7% improvement over the control group taking blood glucose measurements using a traditional finger stick and glucometer. HbA1c levels were reduced by 2% HbA1c points in over 26% of patients. Furthermore, hypoglycemia (BG ≤70 mg/dl) occurred once in each study arm and only occurred in one case while the patient was wearing the device. The hypoglycemic episode was confirmed by finger stick.
The next real-time CGM device approved for the U.S. market was DexCom's (San Diego, CA) STS ™ system. In a similar study 7 that included 91 type 1 and type 2 diabetes patients (of which a small percentage of patients had type 2 diabetes), subjects were monitored with the STS device for a period of 72 hours. Patients were assigned either to a control group-which excluded display and alarms, allowing only data storage-or to a treatment arm, which consisted of three periods, the first without display and the second and third with display and alarms. Compared to the control group, the treatment arm spent 21% less time hypoglycemic, 23% less time hyperglycemic, and 26% more time in the target range. More recently, DexCom upgraded the STS system to the SEVEN ® Plus, which is the first CGM device approved for use of up to 7 days.
Abbott Diabetes was the next medical device manufacturer to gain FDA regulatory approval for their real-time CGM device, the Freestyle Navigator ® , which requires only four finger stick calibrations over a 5-day period and calculates glucose concentration every minute. In a 137-patient multicenter study 8 that included insulindependent type 1 and 2 diabetes patients, comparisons in glycemic control were made for 20 days of masked use to 21 days of unmasked use with real-time glucose sensor readings every minute with threshold alarms. In the type 1 population, a 55% time reduction below a threshold of 55 mg/dl was observed during unmasked periods, in contrast to masked periods, with the mean hypoglycemic rate decreasing from 1.1 to 0.8 per day.
Minimally invasive CGM devices measure glucose concentration from interstitial fluid (ISF) through the use of electrochemical sensors, 2 which are inserted subcutaneously in the abdominal interstitial space, or by utilizing microdialysis techniques, 9 which are applied in order to extract ISF with a fiber generally inserted in the adipose tissue of the abdominal region. Microdialysis techniques also require diffusion of ISF, as well as a perfusion solution for extraction and ex vivo analysis. Menarini Diagnostics' (Florence, Italy) GlucoDay ® device 10,11 was the first system to use a micropump to deliver a perfusion solution, which undergoes diffusional exchange with ISF. The solution is then removed for analysis.
The effectiveness of CGM in detecting hypoglycemic events when compared to SMBG was demonstrated further in a study 12 with the microdialysis system from Roche Diagnostics (Indianapolis, IN), the subcutaneous continuous glucose monitoring system (SCGM1). The study showed that in contrast to CGM, performing SMBG with a customary BG meter and four finger sticks daily could miss up to 71% of hypoglycemic events, and testing up to seven times daily could result in 58% missed events. The occurrence of hypoglycemia was validated with 75 blood glucose points per subject.
More novel approaches that are considered noninvasive perform transdermal fluid extraction by compromising the epidermis with energy, such as ultrasound, 13 or by reverse iontophoresis.
14 Sontra Medical Corporation (Franklin, MA), now Echo Therapeutics, developed SonoPrep ® -a glucose patch that extracts ISF by applying ultrasonic energy to the skin and, in turn, measures glucose concentration in the ISF ex vivo through their glucose flux biosensor and transmits this value to Symphony ™ , a CGM device codeveloped with Bayer Diagnostics (Tarrytown, NY). Animas Corporation's (West Chester, PA) GlucoWatch ®15 measures ISF glucose by reverse iontophoresis. Unfortunately, widespread acceptance of the device was limited by its expense, as well as by skin irritation experienced by a large percentage of users. 16, 17 Continuous glucose monitoring devices measuring ISF glucose exhibit time delays when compared to capillary blood glucose. Short delays are due to transit time effects due to diffusion through a glucose membrane, where the delay is often dependent on membrane thickness. Sensors measuring ISF glucose will lag blood glucose by the time it takes for glucose to diffuse from the capillary to the interstitial space adjacent to the sensor or sampling device. Microdialysis-based approaches undergo an additional delay to extract ISF. Furthermore, sensor signals require filtering to smooth any electronic noise and artifacts that can be present, creating a delay that is proportional to the amount of smoothing required. This article discusses the various sources of delay between instantaneous blood glucose measures and the glucose values reported in real time by CGM devices. In addition, preprocessing algorithms used by the CGMS Gold and Guardian RT monitors are described, with delays reported for each processing step.
Interstitial Fluid-Plasma Glucose Dynamics
The relationship between ISF glucose and plasma glucose has been under debate for some time. A popular theory is referred to as the "push-pull phenomenon,"
18 whereby glucose first enters the ISF from plasma and leaves by insulin-induced cellular uptake. Under the principles of this theory, ISF glucose leads plasma glucose when glucose is falling and lags during increasing concentrations. Several studies, however, contradict this hypothesis by showing that ISF glucose consistently lags plasma glucose.
19-21
A widely accepted explanation of the dynamic relationship among ISF, fat/muscle, and plasma glucose is illustrated by Figure 1 . This model 20 assumes that the capillary separating plasma and ISF compartments creates a resistance to the diffusion of glucose into the interstitial space. Glucose is cleared from the interstitial space by a rate proportional to the concentration of glucose in that compartment, and the rate of glucose uptake from the subcutaneous tissue is assumed constant, as are glucose diffusion rates between plasma and subcutaneous tissue. Steady-state glucose concentration in the ISF compartment (C 2 ) is dependent on the rate of glucose clearance from this compartment and the rate of glucose diffusion to the compartment. As rate parameters are assumed constant, the time lag between ISF and plasma glucose concentration is constant, as is the gradient. Steil and colleagues 21 established this consistency with rate parameters unaffected by rising and falling glucose levels, which holds true for different insulin concentrations. A theoretical plasma glucose clamp response is illustrated in Figure 2 , with the resulting ISF glucose concentration superimposed with a fixed 0.8 gradient where glucose diffuses from plasma to ISF with a firstorder time lag of 10 minutes. The gradient was chosen arbitrarily to demonstrate how glucose transverses the capillary membrane, mainly by diffusion. The model holds true for any gradient less than 1, as a gradient must exist for glucose to be transported by the mechanism. In this example, it takes approximately 50 minutes (equivalent to five time constants) for the transient response from the ISF glucose concentration to equilibrate completely. One time constant represents 63% of the distance a function has moved to reaching its final value. This final value is typically reached following five time constants. As plasma glucose is estimated from a measurement of ISF glucose using an electrochemical sensor, a low current in the nanoampere range is generated through the electrochemical reaction, which is considered to be proportional to ISF glucose. Subsequently, sensor measurements are calibrated with a capillary BG measurement by a finger stick and glucometer.
Delays in CGM Devices
Manufacturer-Reported Time Delays Table 1 presents manufacturer-reported system delays of CGM devices measuring ISF glucose. The GlucoWatch time delay is 10 minutes, chosen to equal half of its original sampling interval. The device required 3 minutes to collect an adequate amount of glucose after activating the sensing electrodes for 7 minutes. The manufacturer estimates that the overall delay between blood glucose and GlucoWatch-reported glucose values is somewhere in the region of 18 ± 10 minutes.
14 However, this time lag was determined using cross-correlation. 22 While this is a common approach to determining signal time lag, it is only applicable to delays that are time shifts and not to time lags that have first-or second-order characteristics that likely exist between ISF and plasma glucose.
was determined empirically by time-shifting sensor signals to be optimally aligned with reference venous measurements. In this study (n = 20,362) , sensor signals were shifted and calibrated with capillary finger stick measurements and then compared with venous blood glucose samples for the given time shift. The mean difference between sensor readings and blood glucose was measured for each time shift until the minimum error was achieved. The investigation included 58 type 1 subjects. Venous blood samples were captured every 15 minutes over 50 hours duration for each subject, with fast glucose excursions induced by insulin and glucose challenges.
Roche reported an inherent physical time lag of 31 ± 2 minutes for its microdialysis SCGM1 device.
25 Physical lag was calculated in vitro (n = 10) and is defined as the time it takes the sensor to reach 95% of the glucose concentration in a beaker following normalization or settling to a stable current. The physical lag encompassed the transport lag with a flow rate of 0.3 μl/min, which was the time duration for the perfusion solution to travel from the microdialysis catheter to the ex vivo enzymatic sensors. The sensor response time was estimated to be less than 1 minute due to fast enzymatic reaction time.
Menarini Diagnostics reported a much shorter delay for its microdialysis-based device, GlucoDay. 10 The manufacturer reported that it takes 53 seconds for the dialysate to reach the enzymatic biosensor from the filament in subcutaneous tissue. Further delays are incurred for the reaction process and data acquisition system, enabling detection of glucose changes every 1 minute, 4 seconds. However, a more recent study 19 reported greater delays for this device, stating that the delay for the dialysate to travel through the microdialysis catheter is 6 minutes. This is likely due to a different flow rate setting in the programmable micropump, where 10 μl/minute was used for the latter study. Greater flow rates will decrease time delay but will likely decrease accuracy. DexCom, for its part, has not published any information regarding delays for its STS device, but the company notified users that there is an approximate 10-minute delay between blood glucose and its monitor value. However, with the upgrade to the SEVEN system, an average delay of 5 minutes is reported.
CGMS Gold
The CGMS Gold device acquires a current (nanoampere range) proportional to ISF glucose that is amplified, converted to a voltage, and digitized to a 12-bit signal at The time delay originally reported for Abbot's Freestyle Navigator 23 was 8 minutes, with approximately 3 minutes allocated to processing and 5 minutes attributed to physiology. In a more recent study, 24 the manufacturer reported an overall delay of 12.6 minutes, which finite impulse response filter, 22 which is a moving average filter, and decimated to a 5-minute sample time interval. The 5-minute signal undergoes further smoothing by a moving average filter, producing a net delay of 8.25 minutes. The Guardian RT algorithm output is illustrated in Figure 4 for the same glucose step function applied previously to the CGMS algorithm, with sensor signals calibrated with a single reference point. Unlike the nonlinear filter described previously for the CGMS device, this filter is linear; therefore, delay is not a function of frequency. The delay, however, is no longer the group delay, or half the time required for a sample to transverse through the filter weights, but is determined by the step response of the filter, which is the integral of its impulse response. 22 The delay, thus, is not constant and in this example exceeds the group delay of 8.25 minutes when reaching steady state. The step, or edge, response is nonphysiologic and, although rare, will occur in some circumstances-for example, during filter initialization or when a significant artifact is present in the sensor signal. a rate of 0.1 Hz. This signal is processed by three filters. The first is a moving average filter that performs noise reduction and decimation to a 1-minute sample interval. A second nonlinear rate-limiting filter restricts the rate of change of the sensor signal during segments when the sensor output is changing at a nonphysiologic rate and, therefore, behaves with an artifact-filtering action. A third filter performs data smoothing and decimation to produce the 5-minute sensor signal ready for calibration. The total system delay during steady-state operation is 3 minutes, where the delay associated with the nonlinear filter increases at a rate proportional to the rate of rising and falling transient effects. that recreated a clamp study 27 to illustrate recovery from a hypoglycemic clamp produced by a step-like response using a well-stirred beaker and a glucose infusion pump. One glucose point is used to calibrate the sensor following preprocessing, which includes filtering sensor current before it is used to calculate glucose. Clearly, glucose rises at a nonphysiologic rate from approximately 60 to 160 mg/dl in around 20 minutes, which equates to an average rate of 5 mg/dl/minute. The nonlinear filter of the CGMS algorithm extends the overall delay at this rate, from a 3-minute delay to approximately 10 minutes, as a result of the fast glucose excursion, where the preceding filters have total delays of 30 seconds and 2.5 minutes. 
Guardian RT
The Guardian RT system converts sensor current to a proportional frequency with a current-to-frequencymeasuring transducer. The resultant pulse train, which are pulses output at a rate proportional to sensor current, is counted and accumulated over a 1-minute interval. This 1-minute signal is processed by a seventh-order The output of the CGMS and Guardian RT algorithms following the processing of a typical meal-response curve is illustrated in Figure 5 and Figure 6 , respectively. Pre-and postprandial glucose excursions from approximately 75 mg/dl at 480 minutes to a peak exceeding 275 mg/dl at 570 minutes produce an average glucose rate of change of over 2.2 mg/dl/minute. Glucose reaches its nadir of 75 mg/dl at 720 minutes, falling at an average rate of greater than 1.3 mg/dl/minute. It is evident from each figure that the CGMS nonlinear filter has very little effect as an artifact has not been detected; likewise, the Guardian RT maintains a constant group delay. The inherit sensor lag time is approximately 1-2 minutes, with a processing filter delay of 5 minutes for the CGMS monitor and 8.5 minutes for the Guardian RT.
sensor reaction time, signal-processing delays, and ISFto-plasma glucose equilibration time. The ISF glucose time lag is in the region of 5-10 minutes, which is an acceptable delay for real-time monitoring. Additionally, each monitor calculates and displays a glucose rate-ofchange indicator, allowing patients to understand how quickly their glucose level is digressing. This rate-of-change parameter also enables the use of predictive alarms, by which patients are alerted of impending hyper-or hypoglycemic events and can, thus, take the appropriate action.
Presented examples include the CGMS Gold and Guardian RT algorithms' filter responses to a transition from an in vitro hypoglycemic clamp to a hyperglycemic clamp, as well as responses to quick glucose excursions following a rapidly absorbed meal. In each algorithm described, the sensor output includes the preprocessed sensor signal, which has a degree of smoothing by digital filtering and, therefore, has an additive filter group delay. This signal is calibrated and the resultant sensor glucose can be downloaded. Digital filters have a particular impulse response and corresponding group delay. This group delay can be seen during normal operation. However, when subjected to edge or step responses, a much larger delay is created. The filter step response function-the integral of the filter impulse response-demonstrates greater delays, which are often seen during signal transitions. This response is also seen during filter initialization and is observed in some circumstances when nonphysiologic characteristics exist, such as those created through movement artifact. Nonlinear filters incorporated in the CGMS Gold device are intended to filter artifacts and only switch on when signal characteristics are beyond what is physiologically possible. This feature was demonstrated by a fast meal response and a nonphysiologic glucose step function. The total delay of each system is unaffected by a reasonably fast meal response. However, caution is advised when using the sensor in nonphysiologic conditions, such as a fast transition from one steady state to another. Furthermore, investigations performed in vitro are limited and do not replicate the varying dynamics seen in vivo and, therefore, can only demonstrate sensor delay.
Conclusion
The overall physiologic lag can be ~3-12 minutes, whereas the intrinsic electrochemical sensor lag is 1-2 minutes. Delays are due to the diffusion of glucose across the capillary endothelial barrier and the glucose rate-limiting membrane and are constant. Underlying this conclusion 
Discussion
Noninvasive glucose monitors that interrogate blood vessels to estimate glucose concentration have the potential to one day acquire instantaneous blood glucose measurements in real time with a satisfactory degree of accuracy. This development would remove any ambiguity associated with the ISF and plasma glucose time delay. As of this publication, there are three manufacturers marketing CGM products in the United States: Medtronic (CGMS Gold, Guardian RT, and Guardian REAL-Time with real-time display), Abbott Diabetes Care (FreeStyle Navigator system), and DexCom (SEVEN), all of which are based on a minimally invasive percutaneously inserted sensor lasting 3-7 days. Completely noninvasive technologies have been slow to come to market but are clearly more desirable. Each of these devices on the U.S. market employs an enzymatic sensor inserted subcutaneously in the abdominal area. Differences in reported delays for each device can most likely be attributed to the degree of smoothing performed in the data acquisition hardware and calibration algorithm. The approximate total latency for these devices in reporting blood glucose is around 8-15 minutes, which includes is the fact that diffusion is a linear process-meaning that the response to a 10-mg/dl change in glucose will have the identical shape as the response to a 100-mg/dl change in glucose, the time to reach 67% of the maximal response being identical in both cases. Sensor device delays are partitioned into three components: the sensor per se, the device filters, and the physiologic delay. Software programs reduce unwanted noise in sensor signals, which can be the more prominent delay. However, the delay may or may not be constant.
Sensor signals are noisy and require digital filtering. This noise is generally physiologic in origin, with an insignificant level of correlated white Gaussian noise likely generated from electronics. Lower noise levels require less filtering and, therefore, present smaller time delays. Although filtering is often necessary, predictive alerts can be used to overcome signal-processing delays and physiological time lags. However, in closed-loop systems, it is desirable to reduce delays due to slow subcutaneous insulin kinetics. To achieve this, a type of inverse, or adaptive, filter is required that could attempt to compensate for the physiological time lag while reducing noise.
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